Introduction
Prostate cancer (CaP) is the second most prevalent malignancy in UK men, accounting for more than, 9000 deaths each year. Both CaP incidence and death rates increased significantly over the last three decades, in England and Wales (Majeed et al., 2000) . One in every four men diagnosed will eventually die from this disease.
CaP is initially androgen sensitive and responsive to hormone ablation therapy, the standard treatment for metastatic disease (Catalona, 1994) . However, despite the high (80%) rate of response to hormone treatment, the median duration of response is less than 3 years (Crawford, 1992) . Consequently, nearly all hormonedependent CaP eventually relapse as fatal hormoneindependent disease (hormone refractory, HR), while the molecular basis of this progression still remains unknown.
Androgens regulate prostate growth through the androgen receptor (AR), a member of the nuclear hormone receptor superfamily. Transcriptional intermediary factors (coactivators and corepressors) have been identified, which enhance androgen responsiveness through interaction with the AR ligand-binding domain (Tsai and O'Malley, 1994) . Inspite of the increasing number of AR coactivators expressed in the prostate, the physiological significance of these cofactors and their role in CaP progression has not been clarified. For example, the AR coactivator ARA70 (Yeh and Chang, 1996) may be involved in prostate carcinogenesis and consists of a key mediator of androgen-oestrogen synergism (Tekur et al., 2001) . RAP250, a recently identified nuclear receptor co-activator, is highly expressed in reproductive organs including the prostate and ovary (Caira et al., 2000) ; however, its role remains unclear. FHL2 is an AR-specific co-activator expressed in prostatic epithelium (Muller et al., 2000) . We previously identified Tat interactive protein, 60 kDa (Tip60) as an AR coactivator and showed that it potentiates AR transcriptional activity both in vitro and in vivo (Brady et al., 1999) . We further demonstrated that Tip60 is a coactivator specific for Class I nuclear hormone receptors, including oestrogen and progesterone receptor (Gaughan et al., 2001) . Tip60 is a histone acetyltransferase belonging to the MYST protein family (Yamamoto and Horikoshi, 1997) . Its intracellular localization has not yet been clarified; however, reports to date place it in all cellular compartments. A C-terminal truncation of Tip60 has been reported to be expressed in the nucleus (Yamamoto and Horikoshi, 1997) . Subsequently, full-length Tip60 has been found in association with membrane-bound receptors in a study that verified both nuclear and cytoplasmic expression (Sliva et al., 1999) . Recent studies suggest that Tip60 shuttles between the cytoplasm and the nucleus in response to stimuli such as endothelins (Lee et al., 2001 ) and serum starvation (Sheridan et al., 2001) .
AR coactivator molecules, like Tip60, may modulate the growth response of CaP to androgens or antiandrogens. One could envisage that changes in the expression levels and/or the localization of Tip60 might play an essential role in the development and progression of CaP. Therefore, Tip60 could constitute a crucial therapeutic target for CaP.
Our aim, in the present study, was to investigate the involvement of Tip60 in CaP progression towards the androgen-independent state. We systematically screened the subcellular localization and the expression of Tip60 at the protein level in benign, malignant and HR CaP samples, obtained by transurethral resection of the prostate (TURP). We also studied Tip60 mRNA and protein expression in the androgen-responsive CaP cell line LNCaP, and protein expression in the CaP xenograft model, CWR22. ChiP assays were performed to investigate the mechanism responsible for Tip60's involvement in transcription of AR-targeted genes, in both androgen-dependent and -independent CaP cell lines. Our results demonstrate an upregulation of Tip60 mRNA and protein expression combined with a shift in Tip60's cellular distribution from predominantly cytoplasmic to nuclear localization as the disease progresses towards hormone resistance, a status at which, according to our findings, Tip60 remains actively involved in transcription of target genes.
Results

Generation of an anti-Tip60 rabbit polyclonal antibody
The specificity of the antibody was confirmed following expression of FLAG-tagged Tip60 in COS-7 cells. A single band was apparent in the transfected cells, which was absent in untransfected cells. Subsequent reprobing of the blot with a FLAG antibody confirmed the band to be Tip60 (data not shown).
Expression of Tip60 in benign and malignant prostate tissue
Immunohistochemistry was performed to determine the expression levels and distribution of Tip60 protein in 10 cases of BPH, 43 clinical cases of untreated CaP of different grade and stage and 15 cases of HR cancer. Histological evidence of BPH is found in more than 50% of men above the age of 45 years. Positive glandular staining for Tip60 was observed in all 10 cases of BPH examined, while the distribution of the signal was either cytoplasmic (Figure 1a ) (5/10) or both cytoplasmic and nuclear (5/10) ( Table 1) .
We also examined Tip60 expression in normal bronchus, ileum, kidney and breast tissue. The staining profile, especially in breast (Figure 1b) , was similar to that observed for BPH, with high levels of expression particularly in the cytoplasmic compartment.
The staining pattern observed for the 43 cases of CaP ranged from high expression in both cellular compartments (12%) to a complete lack of expression (28%). Intermediate cases showing solely nuclear (37%) or cytoplasmic (23%) staining were also observed (Figure  1c-f and Table 1) .
We found a statistically significant (P=0.008, Fischer's exact test) correlation between signal localization and metastatic lesions at the time of diagnosis. Data on metastatic lesions were available for 36 out of the 43 patients in the CaP group. These cases were distributed into two groups based on the presence of nuclear signal. We observed that nuclear Tip60 inversely correlated with metastasis at the time of diagnosis (all 36 patients were newly diagnosed and hence had received no prior hormonal ablation treatment) ( Table 2) .
Tip60 is predominantly nuclear in HR cancer
Tip60 expression in HR cancer was investigated in 15 cases. A distinct expression pattern was revealed, with Tip60 exclusively expressed in the nucleus in 87% (13/ 15) of cases ( Figure 1g , Table 1 ), while in the remaining 13% (2/15) the signal was present in both cellular compartments. The specificity of the staining was also confirmed using a commercially available C-terminal antibody (Upstate Biotech) that resulted in the same nuclear-specific staining pattern (data not shown). Interestingly, in the majority (10/15) of the HR cases, the nuclear signal accumulated in subnuclear structures (Figure 1h , arrows). The above pattern was focal, with areas of the slide showing expression of Tip60 in a diffuse nucleoplasmic pattern with the presence of nuclear aggregates, whereas some areas exhibited specific, possibly nucleolar, staining (Figure 1h ). The negative control failed to show any staining (Figure 1i ).
AR and prostate-specific antigen (PSA) expression were also examined (data not shown). All tumours expressed high levels of PSA. AR expression was lost in 5/15 cases, consistent with the reported loss of AR (20-30%) in HR CaP (Kinoshita et al., 2000) .
Nuclear accumulation of Tip60 in the CWR22 model in response to androgen deprivation
The CWR22 prostate xenograft model was used to further investigate the effect of androgen deprivation on Tip60 distribution. CWR22 is a serially transplantable CaP xenograft that causes a marked elevation of the PSA blood levels in nude mice. In response to surgical or chemical castration, the tumour regresses along with an up to 3000-fold fall in PSA blood levels (Wainstein et al., 1994; Nagabhushan et al., 1996) . Transplanted animals were untreated (Figure 2a, b) , treated with testosterone supplements (Figure 2c, d ) or underwent orchidectomy (Figure 2e, f) . Tumour sizes significantly changed in response to treatment over a period of 3 weeks confirming the model was androgen responsive (Gnanapragasam et al., 2002) . In addition, PSA levels were induced by testosterone treatment and reduced by castration as previously demonstrated (Wainstein et al., 1994) . Tip60 was diffusely expressed in both cellular compartments in the untreated group at the end of week 1 (Figure 2a) . After 3 weeks, there was a slight decrease in Tip60 expression levels with mainly cytoplasmic expression (Figure 2b) . The difference in Tip60 expression was particularly striking between samples taken Figure 2d ). Castration (Figure 2e , f) caused predominantly nuclear localization as well as a slight upregulation of Tip60 protein levels. Within the group of animals killed at 4 weeks, the tissue samples obtained from the castrated animals group (Figure 2f ) showed the most intense nuclear signal as opposed to a weak diffuse Tip60 signal in the case of the testosterone-supplemented group (Figure 2d) . Interestingly, the latter exhibited weaker expression compared to the corresponding control (Figure 2b ), which was under the influence of the much lower endogenous mouse androgen levels. Samples obtained at 2 and 3 weeks of treatment failed to show a substantial shift in the staining pattern (data not shown).
Tip60 expression and cytoplasmic/nuclear distribution is regulated by hormone treatment in LNCaP cells and transfected COS7 cells
The effect of androgens on Tip60 expression and localization was investigated in the androgen-responsive, AR-expressing LNCaP prostate cancer cell. Cells were grown in full medium (FM) containing steroid hormones and growth factors ( Figure 3a , f) or in steroid depleted medium (SDM) (see Materials and methods, Figure 3b , g). The results supported the previously observed trend: androgen deprivation caused nuclear localization and upregulation of Tip60. This trend was seen to increase with time (data not shown), with maximum expression and nuclear accumulation observed following 3 days of hormone depletion ( Figure 3b and histogram b). On the contrary, growth in FM resulted in low and diffuse protein expression throughout both cellular compartments ( Figure 3a and histogram a). A similar trend was found when SDM grown cells ( Figure 3d ) were compared to cells grown in SDM supplemented with the synthetic androgen R1881 (10 nm) for a period of 3 days (Figure 3c ), therefore suggesting that androgen presence is sufficient to cause the above redistribution. To further support the above trend, the immunofluorescence signal was quantified using the LCS 2.00.585 software and paired two-sample t-test performed on 20 randomly selected cells per optical field for each treatment (absence (SDM) or presence of R1881 (SDM+R1881)), in three independent experiments. A statistically significant upregulation of the Tip60 signal was observed upon androgen withdrawal (P ¼ 0.02) (data not shown). The negative control (no primary antibody) failed to show any fluorescent signal ( Figure 3e ). Figure 3f and g corresponds to A and B, respectively. Z-series were collected to illustrate the intranuclear pattern of Tip60 in the different conditions. The diffuse nucleoplasmic signal in FM ( Figure 3f ) becomes concentrated in the interchromatin space in the absence of hormones and growth factors ( Figure 3g ). COS7 cells are lacking the AR and were transiently transfected with Tip60-RFP. Signal was visualized within living cells to rule out any artifact caused by fixation. COS7 cells cultured in FM displayed a diffuse Tip60 signal in both cellular compartments (Figure 3h ), whereas cells grown in SDM displayed a distinct nuclear speckled pattern (Figure 3i ). RFP images were overlapped with DIC/Nomarski images to display the subcellular signal distribution and verify cell viability during scanning (see Materials and methods). The above trend was supported by indirect immunofluorescence carried out for endogenously expressed Tip60 in COS7 cells grown in the presence (SDM+R1881) or absence (SDM) of androgens (data not shown).
Subnuclear rearrangement of Tip60 in response to androgen deprivation
We report a speckled distribution of both endogenous and transiently transfected Tip60 in the nucleus of LNCaP and COS7 cells grown in SDM, as opposed to a less prominent speckled pattern along with a more diffuse nucleoplasmic signal, when the cells were maintained in androgen-containing medium. Fluorescence signal quantification enabled us to study the intranuclear distribution of Tip60 in both the presence and absence of androgens ( Figure 3a , d and corresponding histograms).
As illustrated by the 'line' quantification, SDM causes not only an upregulation of Tip60 protein levels, but also an accumulation of nuclear structures not overlapping with chromatin 4,6-diamidino-2-phenylindole (DAPI stain) (histogram 3b -two distinct peaks and no nucleoplasmic signal). Cells grown in FM displayed a weak, diffuse cytoplasmic signal, less prominent nuclear speckled pattern with lower peaks and a uniform nucleoplasmic background expression (histogram 3a). Similar quantification data were obtained when the fluorescence signal in SDM versus SDM+R1881 was measured (data not shown). To further support the quantification data, Z-series were collected. Figures 3f and g correspond to a and b, respectively, and illustrate the intranuclear pattern of Tip60 under the different conditions. The diffuse nucleoplasmic signal in FM (Figure 3f ) becomes concentrated in the interchromatin space in the absence of hormones and growth factors (Figure 3g ).
Androgen depletion upregulates Tip60 protein levels in LNCaP cell lysates
We verified the above observations by performing Westerns on LNCaP cell lysates, in the corresponding cases studied by immunofluorescence. Androgen presence caused a downregulation of Tip60 protein levels, compared to cells grown in SDM (Figure 4 ).
Study of intracellular protein levels of Tip60 by flow cytometry
Flow cytometry was used to examine intracellular expression of Tip60 in LNCaP cells ( Figure 5 ). The unique advantage of this technique is that it provides a collection of individual measurements from a large Tip60 expression in prostate cancer K Halkidou et al number of discrete cells, rather than making a bulk estimation. The difference of the means between the negative control and the sample stained for Tip60 was calculated in three individual experiments (Figure 5b ). Paired t-test was used to assess the statistical significance of the difference in each condition (SDM+R1881 and SDM). In both cases, the shift between the unstained control and the test sample for Tip60 was statistically significant with P-values of 0.04 and 0.002, for SDM+R1881 and SDM, respectively. These results confirm that androgen depletion causes upregulation of Tip60 protein levels. 
Tip60 mRNA is upregulated in androgen-depleted conditions
To determine whether Tip60 regulation is controlled at the transcriptional level, we assayed mRNA levels in LNCaP cells following different hormone treatments using RT-PCR. Cells were grown in SDM or SDM+10 nm R1881, for 3 days ( Figure 6 ). Two different starting amounts of cDNA were used to enable semiquantification of our results. The difference between the treatments followed a logarithmic scale in both cases of the cDNA input used (data not shown). Our data indicate Tip60's upregulation at the transcript level in the absence of androgens (lane 1). A reduction in Tip60 mRNA levels was apparent following 8 h of exposure to 10 nm R1881, with highest effect noted after a 72 h exposure (data not shown). Similarly, androgen Tip60 expression in prostate cancer K Halkidou et al (0.001-100 nm) applied for 3 days caused a dosedependent reduction in Tip60 mRNA levels (data not shown). In conclusion, the trend observed at the protein level corresponds to a shift in the expression pattern of Tip60 at the mRNA level. However, we cannot rule out an additional regulation at the translational level.
Tip60's role in transcription of androgen-regulated PSA gene in androgen-dependent and -independent cell systems To further understand Tip60's involvement in transcription in vivo, chromatin immunoprecipitation (ChIP) assays were performed in the AR-positive, androgendependent CaP cell line LNCaP and in an AI (androgenindependent) LNCaP derivative. The promoter of the PSA gene was chosen as the target (Cleutjens et al., 1996) , since androgen-induced PSA synthesis is a wellcharacterized even in LNCaP cells (Young et al., 1992; Lee et al., 1995) and PSA has been used as a prostatespecific tumour marker (Brawer, 2000) . AI is an LNCaP derivative that expresses the AR at higher levels compared to LNCaP cells, but is androgen independent in terms of cell growth and proliferation, and its cell cycle profile remains unaffected by androgen manipulation. PSA expression is preserved, and this gene remains androgen regulated (data not shown, manuscript in preparation). Tip60 was recruited to the PSA promoter after androgen stimulation in both cell lines. Specifically, Tip60 showed a high basal recruitment in the absence of androgen in AI cells, while there was no recruitment in the absence of stimulus in LNCaP cells (Figure 7) . Following 15 min of androgen stimulation, Tip60 was found bound to the promoter in both cases. AR, on the other hand, was more strongly recruited to the PSA promoter following androgen stimulation in the case of AI compared to LNCaP/PSA levels, monitored by Western analysis, were found to be induced at similar levels after androgen stimulation in both systems (data not shown). Genomic DNA control reactions (input) as well as negative water controls were performed alongside the immunoprecipitated samples. Together, our results show a distinctively different recruitment pattern of Tip60 and the AR to the PSA promoter of androgen-dependent and -independent CaP cell lines. Recruitment of the AR to the PSA promoter is a rapid, ligand-dependent event in both LNCaP and AI cells. In contrast, Tip60's recruitment profile is altered in the absence of androgen in AI, unlike LNCaP cells. We can therefore argue that Tip60's recruitment is not ligand dependent in this androgenindependent AR-and PSA-expressing cell model that closely simulates HR CaP.
Discussion
We previously demonstrated that Tip60 interacts directly with the AR and enhances its androgen-induced transcriptional activity (Brady et al., 1999) . The distribution pattern and the expression levels of this coactivator in prostate tissue have not yet been addressed. Indeed, very little is known about the expression of coregulators in CaP. To gain a better understanding of Tip60's role in the biology of the disease, we generated an antibody to study Tip60's expression profile in both benign and malignant prostate tissue. We investigated endogenous expression of Tip60 in BPH, malignant tissue of different grades, and in HR CaP. The mouse xenograft model CWR22 and an androgen-responsive cell line, LNCaP, were also examined. Lastly, ChIP assays were carried out to further elucidate the molecular mechanism underlying Tip60's involvement in transcription of AR target genes in both androgen-dependent and -independent systems.
The contribution of transcriptional coactivators in cancer development remains unclear. However, there have been reports where upregulation and/or dysfunctional subcellular trafficking of coactivator molecules correlates with a more malignant phenotype. For example, the expression levels of several coactivators (TIF2, AIB1, CBP and PCAF) are upregulated during breast cancer development, and correlate with the aggressive phenotype of advanced disease (Kurebayashi et al., 2000) . In contrast, Chen et al. (2001) reported that the rhabdomyosarcoma phenotype associates with a dysfunctional subcellular localization of p160 family members. In the present study, we observed a change in the expression and localization of Tip60 in advanced CaP. Furthermore, our results agree with a recent report (Gregory et al., 2001) , where overexpression and nuclear localization of both SRC1 and TIF2 coincided with the onset of CaP recurrence. Immunoperoxidase staining was exclusively nuclear in 87% of HR cancer, in over one-third of androgen-responsive CaP and in none of the BPH cases (Table 1 ). In the mouse CWR22 xenograft model, Tip60 localized specifically in the nucleus of cancer cells in castrated animals. The exclusively nuclear localization of Tip60 in the majority of cases of HR CaP may be, in part, responsible for the increased AR sensitivity to extremely low levels of Data concerning the metastatic state of the newly diagnosed CaP patients were available for 36 out of a total of 43 cases. There was a statistically significant (P ¼ 0.008) correlation between the localization of Tip60 and metastasis at the time of diagnosis. Nuclear expression of Tip60 correlated with a less aggressive phenotype, while cases where Tip60 was excluded from the nuclear compartment had a significantly higher incidence of metastasis. Interestingly, nuclear expression of BAG-1, a multifunctional protein promoting cell survival, proliferation and metastasis, was found to be significantly inversely correlated with tumour grade and directly associated with improved overall survival (Cutress et al., 2001) .
The above results do not contradict our observation of Tip60's predominantly nuclear expression in HR CaP. This group of patients received long-term hormone ablation treatment, and biopsies were obtained when the tumour ceased to respond to androgen deprivation. In contrast, the group of the 36 CaP patients consisted of newly diagnosed cases and metastasis data corresponded to the time point of diagnosis, prior to any hormonal treatment (see Materials and methods). Therefore, these two groups cannot be directly compared. It would be of interest to examine Tip60's expression pattern in CaP cases before and after the development of androgen unresponsiveness, and thus clarify the effect of androgen deprivation on Tip60's localization and expression levels. However, our CWR22 data strongly suggest that the hormonal environment affects both these parameters.
Our immunofluorescence data support the previously discussed tissue observations and indicate that reintroduction of androgens is sufficient to cause Tip60's cellular redistribution. Interestingly, androgen stimulation results in similar changes in terms of protein levels and distribution pattern in two relatively different cellular systems: LNCaP and COS7 cells. The latter does not express the AR; however, androgen treatment may cause a response via an alternative, AR-independent pathway, possibly involving a different nuclear receptor. This is further supported by our ChIP data, where Tip60 is involved in androgen-dependent transcription in an androgen-independent, in terms of growth and proliferation, model system (see below). Our hypothesis is that Tip60 can respond to androgen stimulation even in androgen-independent or ARnegative systems through alternative signalling pathways, which makes it important in advanced, hormone-independent CaP. COS7 cells express Tip60 at similar levels to LNCaP cells (data not shown). Endogenous Tip60 responds to androgen stimuli to a lesser degree (only half of the cells are responsive) but in a similar manner to transiently transfected cells (data not shown); therefore, our results are not caused by artificially overexpressed Tip60 protein. Furthermore, these results support our hypothesis of a functional, AR-independent but androgen-responsive pathway in these cells.
Our observations, however, focus not only on the subcellular localization of Tip60, but also on the subnuclear distribution of the protein as a response to the presence or absence of hormonal stimuli.
The importance of the subnuclear organization of proteins is revealed by the effects of mislocalization of nuclear proteins (discussed in Koken et al., 1997) . Tip60 has been reported to exhibit a nuclear punctuate pattern (Yamamota and Horikoshi, 1997; Ran and PereiraSmith, 2000) , when transiently overexpressed in cell lines. In our study, upon androgen deprivation, Tip60 exhibited a distinct speckled nuclear distribution similar to that observed for nuclear splicing and transcription factors (Spector, 1993; Zeng et al., 1997) . Our observations confirm the previously reported speckled nuclear distribution of Tip60, both for endogenous and transfected Tip60 protein, supporting Tip60's potential to be incorporated in distinct nuclear complexes in vivo (Ikura et al., 2000) . Furthermore, our results suggest a link between Tip60's subnuclear localization and hormonal stimuli.
Regulation of nuclear receptor expression is a common mechanism for modulating cell responses to hormones and growth factors, and it is well established that nuclear receptor gene expression is hormonally regulated. Our results suggest that Tip60's expression could be driven by hormonal signals. Similar observations have been made for other coregulatory molecules. For example, SRC-1 is downregulated by dexamethasone (Kurihara et al., 2000) and oestrogen (Misiti et al., 1998) . RIP140 corepressor expression is increased 2-3 fold by 17b-oestradiol in MCF7 breast cancer cells, while antioestrogens had the opposite effect (Thenot et al., 1999) . The recently isolated human corepressor SHARP is induced by oestrogen (Shi et al., 2001 ). These observations suggest that a regulatory mechanism exists, acting via a negative feedback loop, to protect cells against excessive hormone effects. Thus, hormoneinduced upregulation of repressor factors and/or downregulation of coactivator molecules can serve such a regulatory mechanism. A loss of this mechanism in malignant tissue could account for the uncontrolled, abnormal growth. Supporting those observations, our semiquantitative study of Tip60 transcript levels showed an increased attenuation of Tip60's signal over longer exposure times and increasing androgen concentration. Inspite of the fact that we cannot rule out an additional regulation at the post-transcriptional level there seems to be a regulation of Tip60 mRNA levels by androgens. At the protein level, quantitative immunofluoresence, flow cytometry and Western blot data indicate a similar trend.
In order to describe in a more mechanistic manner, Tip60's involvement in transcription and its potential implications in the development of HR disease, we looked for putative model systems closely related to the HR state in CaP patients. DU145 and PC3 cells are Tip60 expression in prostate cancer K Halkidou et al well-characterized androgen-independent CaP cell lines. Tip60's overexpression in a tetracycline-inducible expression system of a PC3 subline led to enhanced transcription of ostrogen receptor pathways (unpublished data). However, PC3 cells, like DU145, do not express AR or PSA. These features make them poor representatives of HR tumours, usually characterized by elevated PSA expression and mutated or amplified AR (only one in five HR CaP cases lose AR expression despite an androgen-independent phenotype). Therefore, we studied a cell line (AI) that was androgenindependent in terms of proliferation, yet retained AR expression and maintained PSA responsiveness to androgen stimulation (manuscript in preparation). AI cells are LNCaP derivatives grown for extended periods in androgen-depleted medium. Similar cell lines have been developed and characterized (Soto et al., 1995; Gao et al., 1999) . A ligand-dependent recruitment of the AR to the PSA promoter was evident in both LNCaP and AI cell lines. More AR protein was recruited to the PSA promoter, however, in the androgen-independent AI cells. Those cells express AR at higher levels relative to the parental LNCaP cell line, possibly in an attempt to overcome long-term androgen ablation and increase its sensitivity to the extremely low levels of ligand present. On the other hand, Tip60 exhibits a totally altered profile as androgen independence develops. R1881 induced a rapid recruitment of Tip60 to the PSA promoter in LNCaP cells. However, in AI cells, Tip60 was found to be constitutively recruited to the promoter even in the absence of stimulus. This may explain the relatively high expression of PSA noted in AI cells, in an AI environment. It is possible therefore that androgen-dependent genes may remain switched on by the continuous loading of coactivator proteins, like Tip60, to their promoter region even in the absence of androgen.
Our results suggest an androgen-dependent regulation of Tip60 expression and localization. However, this effect may not be because of a direct androgen action on the Tip60 promoter via the activated AR. The AR is an essential mediator of differentiation cell growth and proliferation in androgen-responsive tissues. Therefore, the effect observed may be indirect, caused by induction of proliferation. Androgen and antiandrogen treatments affect the cell cycle profile and may regulate Tip60 levels in the different cell cycle phases. Indeed, our flow cytometry analysis of the profile of cycling cells upon different androgen treatments shows a G1/0 accumulation when cells are grown in the absence of androgens (SDM) and an increase in S phase population upon androgen reintroduction (our observations; Burtkhart et al., 1999; Horikawa et al., 2001) . However, this does not rule out the possibility of a direct androgen effect upon Tip60 expression.
Recent studies suggest a two-way interaction between histone acetyltransferase (HAT) complexes and cell cycle regulatory molecules. For example, TRRAP, a member of both Tip60 and PCAF complexes, regulates the activity of E2F and c-Myc (Mcmahon et al., 1998) . Tip60 may similarly exert an effect on such regulatory molecules. Alternatively, cyclin D1, a G1 phase regulatory cyclin, was recently shown to bind to the PCAF HAT domain, displacing the AR and inhibiting its transcriptional activity, in a hormone dependent manner (Reutens et al., 2001) . These observations provide further support for a model in which an androgen inducible cell cycle regulatory molecule may interface with the activity of histone-modifying complexes.
In summary, our results indicate that in HR CaP, Tip60 is predominantly found in the nucleus as opposed to a more diffuse distribution pattern observed in BPH and CaP. Upregulation at both the mRNA and protein levels was also demonstrated when androgens are withdrawn both in vitro (cell lines) and in vivo (CWR22 xenograft model). Those observations suggest a role for Tip60, an AR coactivator, in the progression of CaP to the HR status after hormone ablation treatment. The predominant nuclear localization and upregulation of Tip60 in response to androgen depletion and the consequent development of androgen independence directly link the coactivator Tip60 to the molecular pathway of progression to androgen insensitivity. Additionally, our ChIP data implicate Tip60 in the transcription of androgen-targeted genes like PSA and demonstrate for the first time the constitutive, ligand-independent recruitment of a HAT enzyme and AR coactivator to the PSA promoter, in an AI cell model of HR CaP. Further studies are needed to identify the factors that control Tip60's expression and its mechanism of action, since this coactivator might constitute a therapeutic target in the most lethal phase of prostate malignancy, that of hormone-independent CaP.
Materials and methods
Patient data
Patients with newly diagnosed CaP (n ¼ 43) as well as those with documented hormone relapsed cancer (n ¼ 15) were identified from a pathology database. Newly diagnosed cases were defined as those without prior hormone therapy and diagnosed at the time of surgery. The presence of metastatic lesions was determined at the time of diagnosis. Hormone relapsed cases were defined as patients with documented resurgence of serum PSA following androgen ablation therapy. All patients had presented with bladder outflow obstruction and required TURP. Sections of breast cancer and normal kidney, bronchus and ileum were identified from archival material. A total of 10 cases of BPH were also examined. Following formalin fixation and embedding in paraffin, 4 mm sections were mounted on APES-coated slides for further study.
Generation of Tip60 constructs
PCR was used to amplify full-length Tip60 cDNA from POZ viral vector (Gift from Y Nakatani, Dana-Farber Institute). A FLAG-tagged Tip60 was cloned into mammalian expression vector pCMV5 (Invitrogen). Tip60 was also cloned into the expression vector pDSREDN-1 (Clontech) to create Tip60-RFP. DNA sequencing confirmed construct integrity. 
Tip60 antibody
A 15 amino-acid peptide within the conserved MYST homology region (283-297 aa) was synthesized and used to immunize rabbits. The polyclonal antiserum was affinity purified using protein A and peptide affinity columns. Western blotting was performed to check the antibody specificity in lysates from different cell lines. A commercially available antibody (Upstate Biotechnology), directed against the Cterminus of Tip60, was also used.
Western blotting
Sample preparation, electrophoretic separation and Western blotting were performed as described (Brady et al., 1999) .
Immunohistochemistry
Immunohistochemical studies were carried out using the avidin-biotin-peroxidase complex method (ABC), based on the manufacturer's instructions (Vectastain Elite kit, Vector Laboratories, CA, USA). Antigen retrieval was performed as previously described (Norton et al., 1994; Krenacs et al., 1996) .
Brightfield microscopy
Images were acquired using the Leica DMR light microscope ( Â 20, Â 40 and Â 100 oil immersion lenses) and analysed using the Spot Advanced 3.5.2, 1997-2002 software and Adobe Photoshop 6.00.
CWR22 xenograft model
The CWR22 xenograft model was established as previously described (Gnanapragasam et al., 2002) , under UK Home Office regulation with an assigned project license number. When the tumour was palpable (4-6 weeks), animals were allocated in three groups: Group 1, subcutaneous testosterone implant; Group 2, untreated; Group 3, surgically castrated. Animals were killed on the day of randomization (day 0) and subsequently on days 7, 14, 21 and 28. All mice had blood PSA and testosterone levels measured.
Cell culture
LNCaP and COS7 cells were cultured in RPMI1640 media (Sigma) referred to as FM, supplemented with 10% fetal calf serum, 1% glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml), as previously described (Swinnen et al., 1994) . SDM was made as previously described (Brady et al., 1999) . AI cells were derived from LNCaP cells following continuous passaging in an environment deprived of androgens for a period of 8 months. AR expression has been preserved, but the cells do not depend upon androgen to proliferate (manuscript in preparation).
Immunofluorescence
LNCaP cells were seeded in eight-well chamber slides (BectonDickinson) at densities of 5 Â 10 3 cells/well. The cells were fixed with 100% methanol for 30 min at À201C and incubated with the primary antibodies at 41C overnight. The following day, the cells were washed ( Â 3) and treated with Alexa 633 nm (1 : 200, Molecular Probes) secondary Ab, for 1 h at RT in the dark. All washes were performed in TBS 50 nM, Triton-X 0.4%/blocking serum 0.03%. Vectashield with DAPI, for nuclear counterstain, was used to mount the slides.
A series of 1 mm verticle optical sections through the entire thickness of the tissue was used to produce a Z-series. To quantify fluorescent signal intensity, the intensity of pixels along a line drawn through lateral cell borders was recorded and relative signal strength was calculated. The average pixel intensity, normalized for the cell surface, was measured using the 'polygonal area' tool of the LCS 2.00.585 software to allow signal quantification in the presence and absence of androgens.
Confocal microscopy
All images of fixed cells were acquired using the Â 63 oil immersion lens (1.32 NA DIC) of a Leica TCS SP2 UV laserscanning microscope. DAPI was visualized with the 351/ 364 nm UV/Ar laser line (max power: 20 mW), FITC was visualized with the 488 nm Ar laser line (max power: 20 mW) and Alexa633 nm was visualized using the He/Ne line (max power: 1.2 mW). All images were analyzed using the LCS 2.00.585 software and Adobe Photoshop 6.0.
Live cell imaging
Cells were grown in 35 mm Petri dishes and visualized with an HCX APO L Â 40 water-dipping lens (0.8 NA) of the Leica TCS SP2 UV laser-scanning microscope. The argon laser spectral line at a wavelength of 488 nm was set at an intensity of no greater than 25% of its total power (1.2 mW) for image collection. This laser intensity caused no cell damage over a total scanning time of 5 min (unpublished data). The scanning time in our experiments was less than 10 s. A 50% neutralization filter was used to prevent bleaching, To assess cell viability during the scanning period, we monitored cells by differential interference contrast (DIC) optics for changes in cellular morphology, before, during and after scanning. No significant changes were detectable. DIC and fluorescence images were overlaid using Adobe Photoshop 6.0.
RT-PCR
Total RNA was isolated from LNCaP cells using TriZol reagent (GIBCO-BRL), according to the manufacturer's recommendations. Complementary DNA was synthesized from 2 mg of total RNA using MMLV reverse transcriptase (Promega, UK). PCR was performed using standard conditions, and included 1/5th of the reverse transcriptase reaction. The oligonucleotide primers used to amplify Tip60 (Accession number: U74667) were 5 0 -AGC GTC ATT TGA CCA AGT GT-3 0 and 5 0 -AGT TCA TAG CTG AAC TCG AT-3 0 (RT1 and RT2, respectively). The thermal profile consisted of initial melt at 951C for 3 min, followed by 30 cycles comprising 951C, 30 s; 561C, 20 s; 721C, 30 s. A 5-min extension was used for the final cycle. b-actin, a housekeeping control gene, was used to indicate cDNA loading. Amplification products were resolved by electrophoresis on 1% agarose gel containing ethidium bromide and visualized by UV. Densitometry of the bands was performed using the Bio-Rad Molecular Analyst (version 1.4) software and the relative numbers were normalized to the corresponding b-actin controls.
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ChIP assay
ChIP assays were performed as previously descried (Gaughan et al., 2002) . For the PCR reactions the following set of primers were used: F: AGG GAT CAG GGA TCA TCA CA and R: GCT AGC ACT TGC TGT TTC TGC which amplify the À406 to À164 PSA promoter containing androgenresponsive element II (Shang et al., 2002) .
FACS analysis for intracellular expression of Tip60
For FACS analysis, cells (5 Â 10 5 cells) were trypsinized and washed with 10% fetal calf serum in PBS. Cells were subsequently washed with cold PBS and fixed with 2% paraformaldehyde for 30 min at 41C. Cells were permeabilized with 0.2% Triton-X for 5 min at 41C and stained with the antiTip60 antibody (Upstate Biotech; 1 : 50) for 1 h. All incubations were performed at 41C. After each incubation, cells were washed in PBS containing 0.05/NGS. Cells were incubated for 1 h with a fluorescein-conjugated goat anti-rabbit antibody (Sigma; 1:200), in the dark. Samples were then analysed in a FACScan flow cytometer (Becton-Dickinson). Each analysis included 5000 events collected in list mode and analysed using Lysis II software (Becton-Dickinson) and WinMDI 2.8. Controls included cells stained with secondary antibody alone and cells with no antibody addition, to determine the autofluorescence levels of LNCaP cells. All experiments were independently performed at least three times.
Statistical analysis
To study correlation of metastasis with Tip60's distribution pattern, statistical analysis was performed using Fischer's exact test. Student's t-test was used to analyse FACS and fluorescent quantification data. A P-value of o0.05 was considered statistically significant in all cases.
Abbreviations AR, androgen receptor; CaP, prostate cancer; ChlP, chromatin immunoprecipitation; CWR22, Case Western Reserve prostate xenograft strain 22; RT-PCR, reverse transcription polymerase chain reaction; HR, hormone refractory; SDM, steroid-depleted medium; FM, full medium; CaS, bicalutamide (Casodex); TURP, transurethral resection of the prostate; PSA, prostate-specific antigen; Tip60, Tat interactive protein 60 kDa; AI, androgen independent.
